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Method of and ^aiatus for deteimiiung focus of an imaging system 



30.10.2003 



The invention relates to a method of determining focus of an optical system, 
which method conq)rises the steps of: 

arranging the optical system between an illumination system and a radiation- 
sensitive detection system; 
5 - arranging a test object between the illumination system and the optical system; 

imaging the test object by means of the optical system on the detection system, 

and 

establishing the position of the focal plane from the modulation depHi of the 
test object image. 

10 The invention also relates to an c^aratus for carrying out Ifae method 



Focus of an imaging system having an optical axis is understood to mean the 
axial position of the focal plane of the imaging system. This system may be a composed 

1 5 system comprising a number of lens elements and/or mirror elements, which elements 
together image an object at a required axial position. The imaging system may also be a 
single or minor element Focus detection is widely used in the field of optics, for example for 
determining Hie focal plane of a single or composed lens or mirror or during manu&cture of 
an optical i^aratus conoqprising an <q[)tical imaging system to determine whether the focal 

20 plane of this system is at the required position within the apparatus. 

Several methods for determining best focus are known in Hxe art, such as a 
method that uses axially shifted (test) objects or axially displaced sensors and conopares the 
sensor output signals to decide where the focal plane of the imaging system is. US-A 
6,195,159 describes a lens testing system that usra this method 

25 The method that best approaches the method of the present invention is a 

dynamic metiiod that uses a single test object This object is "scanned through focus", which 
means that the object is moved through an axial range, which extends fit>m a position at one 
side to a position at the other side of the location of optimiun focus. Altematively, the 
imaging system itself or part of it can be scanned. During scanning, the contrast or sharpness 
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of Hus linage is determined fiom the signals supplied by a sensor, which leceives an image of 
fhe test object and the contrast value is stored. It is determined for which positions of the 
moving object or the moving imaging system images are obtained which have flie same 
unsharpness. The position nddway these two positions is the position of best focus. 

5 Since the modulation depth, which, in case the object contains light and dark 

areas, is a measure for the contrast, as a function of the positions shows a small variation in 
the best focus range, i.e. when approaching best focus, and even no variation in best focus, 
the sensitivity of the known method is low. This results in a low measuring precision. It is 
difficult to estimate the amount of defocus in the best focus range. Moreover, the sign of a 

10 detected focus error; i.e. the actual focus is at erne side or at the other side of best focus, can 
not be determined without moving the object or the imagmg system so &r out of focus that 
sufficient variation of the modulation can be observed. Consequentiy the precise amount and 
sign, of defocus cannot be determined for a fixed optical system. 



15 

It is an object of the present invention to provide a method as defined in tiie 
opening paragraph, which method allows determining not only the amount of focus deviation 
with high accuracy, but also the sign of such deviation, is a static method and uses a 
Tnitiimiim number of optical elements. This method is characterized in that the step of 

20 arranging a test object comprises arranging a first test object between the illumination system 
and the expected focal plane of the optical system and a second test object between this plane 
and the optical system system, whereby the first and second test objects are arranged at 
different locations with respect to the optical axis of the optical system and in that the step of 
establishing focus comprises determining the modulation depth of each of the two test object 

25 images and subtracting the obtained modulation depth values from each other to obtain a 
difference value, which represents the position of focus witii respect to the positions of the 
two test objects. 

The invention is based on tiie insight that the through-focus modulation Mtf 
curves associated with two test objects having the same structure, which objects are arranged, 
30 respectively before and behind the focal plane of an imaging system will be shifted with 
respect to each other. An Mtf curve shows the modulation in an image of an object as a 
fonction of the axial position of this object with respect to the best focus plane of the imaging 
system. The MTF, or modulation transfer function is a well-known parameter in optics. 
Usually the contrast of an image formed by an imaging system is given in terms of grey value 
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modulation in fhe image. Cimently, llxe modulation transfer of an imaging system is 
determined by means of an object Hiat shows a periodic stracture. The grey value modulation 
for a given periodicity is caUed the modulation transfer for that periodicity. In this description 
Mtf is understood to mean the Mtf associated with an object having a given peiiodicity. The 
said two Ihrough-focus modulation curves have a Gaussian shs^e. The width of an Mtf curve 
depends among others, on the periodicity in the object and the distance between the tow 
objects. Currently this width is expressed in: fuU width at half maximum (FWHM). If the 
curves of said two sub-objects are close to each otiber, i.e the distance between their tops is 
smaller than about 1,5 times the FWHM subtraction the curves from each results in a so- 
called S-curve will be obtained, which shows a substantially linear slope around zero. This 
zero in the S-curve represents the best focus of tiie imaging system. 

In the static measuring method of the present invention, wherein no trough- 
focus scanning is used, for a given focus position two modulation values, one for each object 
are obtained, and thus one difference value having a magnitude and sign (+ or -) which is 
unique for that focus position is obtained This difference value indicates the amount and sign 
of correction that is needed to obtain best focus. For best focus the modulations associated 
with fhe two objects have the same value, which is considerably different from, for example 
0,5 to 0,8 of the maximum value, that was used in the: above-discussed known method. The 
static differential method of the invention gives for every defocus the precise amount and 
sign of the defocus. For a high quality optical system the method allows measuring the 
amount of defocus with a sensitivity of the order of 1% of the focus depth of the optical 
system. The focus depth, or focal range is the amount of defocus that is acceptable, i.e. for 
which an acceptable imag@ can be obtained. 

Prefersibly the metiiod is forfher characterized in that focus is determined at 
different points in the field of view of the imaging system. 

In this way, average defocus across the field of view and parameters of the 
imagmg system, like field curvature and the sh^e thereof can be determined and the single- 
frequency modulation at dififerent points in the field can be estimated. 

The invention also relate to an apparatus for carrying out the method. This 
^aratus, which comprises successively a radiation source for supplying an illumination 
beam, a test object, a location for the optical system to be measured, a radiation-sensitive 
detection system and processing means for processmg signals from the detection system, is 
characterized in that flie test object comprises two sub-objects, which are arranged at 
different sides of the expected best focus of the. optical system and at different locations with 
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respect to the axis of the apparatus, in that the radiation-sensitive detection system conqntises 
separate detection areas for the images of the sub-objects and in that fhe processing means 
comprise means for calculating the difference in contrast of the images. 

An embodiment of this apparatus is characterized in that the sub-objects are 

5 gratings. 

Optical gratings are very suitable as test objects for measuring properties of 
optical systems. 



10 These and other aspects of the invention are apparent from and will be 

elucidated, by way of non-limitative example, with reference to the embodiments described 
hereinafter. In the drawings: 

Fig. 1 shows a diagram of a conventional apparatus for determining focus of an 
imaging system; 

15 Fig.2 shows through-focus modulation curves; 

Fig.3 shows an embodiment of an apparatus according to llie invention for 
determining focus of an imaging system; 

Fig.4 shows the through-focus modulations curves obtained with this 

apparatus; 

20 Fig.5 shows a curve which represents the difference between these curves; 

Fig.6 shows an embodiment of a test object for use with the method according 
to the invention; 

Fig.7 shows an embodiment of a grating stmcture set for such a test object; 
Fig.8 shows a test object with a plurality of grating stracture sets, and 
25 Fig.9 shows an embodiment of the apparatus according to the invention 

comprising an additional lens. 



Fig. 1 shows a best-focus detecticm ^aratus 1. This apparatus comprises an 
30 illumination system 2 that supplies an illumination beam 8. The illumination system 
comprises a radiation source 4 and may be of any type; for example it comprises beam- 
shaping optics, schematically shown as a single lens 6. The apparatus further comprises a test 
object 10, which comprises a grating structure 12 consisting of grating strips 14 and 
intermediate strips 14. The grating structure is supported by a transparent substrate 16. The 
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grating may be a transmission grating, or black-and-whitB grating, Le. a grating having 
transparent grating strips and non-transparent (absorbing or reflective) intermediate strips. 
The grating may also be a phase grating, i.e. the grating stiips are situated at a first level and 
the intermediate strips are situated at a second level witii respect to the subsh»te surfece. The 
grating is illuminated by the illumination beam 8. 

An imaging system 20 to be measured is inserted in a holder (not shown) in 
the patii of the radiation passing tiirou^ the trat object. This imaging system is represented 
by a single lens, but it may also be a conq)osed imaging system comprising a number of 
lenses. During measurement tiie system 20 images the test object on a radiation-sensitive 
detection system 30, whereby each point of the grating stracture is conjugated with a separate 
point of tiie detection system. This is shown m Fig.l by means of a sub-beam 1 8 starting 
ftom a point of the grating structure. The radiation-sensitive detection system may be a 
sensor of a camera, such as CCD sensor or a CMOS sensor, well known in tiie art The output 
of tiie sensor is connected witii an electronic processing unit 40,. which is also well known. 

The sharpness o:^ or contrast m, the unage formed on the sensor depends <mi 
tiie focus, ie. tiie axial (Z-) position of flie test object wifli respect to the position of the best 
focus object plane of the unaging system. For an image of an object consisting of a pattern of 
dark and bright Imes, such as a grating, the contrast is ejqoessed in terms of mtensily-, or 
grey value-, modulation. This modulation M is dependent on tiie periodicity, or spatial 
fiequency m the hnaged object. The image of an object having only one spatial ftequency sf 
comprises only one modulation Msg The well known MTF (modulation transfer fimction) 
represents tiie modulation as a fimction of the spatial frequency, which is usuaUy expressed 
in lines per mm Opmm). The variation of tiie modulation M as a fimction of focus may be 
called tiuou^-fbcus inodulation Mtf. 

Fig.2 shows an exanaple of such Mtf for an object having a spatial ftequency of 
10 Ipmm (curve 50). The defocus Az is plotted along flie horizontal axis (in mm) and tiie 
modulation amplitiide MA is plotted akmg tiie vertical axis. To show tiie modulation 
dependency of the spatial ftequency in tiie object, also curves 51, 52, 53 and 54 fiir spatial 
fi»quencies of 8 Ipmm, 6 Ipmm, 4 Ipmm and 2 Ipmm, respectively are given. 

It is generally known in optics how to determine flie modulation in an hnage 
of an object by means of an optical sensor, a signal-processing device coupled to tiie sensor 
and processing software. In tiie ideal i.e. Az is zero or tiie object is m tiie best focus plane of 
the imaging system, the modulation is maximum. 
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In conventional methods this criteri<ni is used to determine best focus of an 
imaging system try to obtain maximum modulation in the imag^. However, this "masrimum 
modulation" method shows the following disadvantages. 

The variation of tiie modulation M as a fonction of Az is smallest (actually 
5 zero) at the top of the curve, i.e. for Az is zero. The method is thus relatively insensitive at the 
critical point. 

Close to the top it is difficult to determine from the modulation value alone 
how to proceed to arrive at the top. As an additional step wobbling, or scanning, through 
focus is used in practice to get information about which direction to go. As discussed herein 

10 before, it is possible to search for two positions (defocus settings) which provide tiie same 
(non-) sharpness to estimate the best focus. The best focus position is midway tiiese two 
positions. However, the result thus obtained is ambiguous in the area near the top, because 
non-accurate actuators or interference of the test-object image with the sensor pixel pattern, 
which results in aliasing, may have disturbing effects. 

IS - It will not be possible to find the actual focus from the modulation value if it is 

not possible to change focus to find the optimum modulation value. This means that it is not 
possible to determine focus of a finished imaging system. 

In some applications of imaging systems it is required to determine tilt of the 
object plane. This requires precise focus measurement at the edges of the image field It is 

20 difficult to realise such a measurement by means of the conventional method. 

The present invention provides a method, which allows for determining the 
actual focus of an imaging system and does not need movement of a component Fig.3 shows 
a diagram of an apparatus for performing this metibiod. The contponents of this apparatus, 
which are the same as those in the apparatus of Fig. 1, are denoted by the same reference 

25 numerals. According the invention, two (sub-) test gratings 62 and 64 are arranged at 

different sides of the optical axis Z. These gratings are positioned at different axial distance 
fimn the imaging system 20, such that one of the sub-gratings is situated before the best 
focus plane 66 of Ifae imagmg system and the other sub-grating is situated behind the plane 
66. The imaging system 20 forms images 68 and 70 of the sub-gratings 62 and 64, 

30 resfpectively at different areas of the detection system, or sensor 40. These sensor areas are 
separately and simultaneously read out. The imaging system may be the objective lens of a 
camera and is the arranged close to the radiation-sensitive detection system in the form of a 
CCD sensor or a CMOS sensor. 
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Since Ihe sub-gtatings 62 and64 aie at different distances to the imaging 
system 20, Ae M«f curves 72 and 74 associated wifli these gratmgs would be shifted relative 
to each other as shown in Fig. 4. In the processor 40 the measured M values associated with 
the sub-gratings are compared with each otihier, i.e. they are subtracted ftom each other. In 
5 terms of Mtf curves, fliis means that the curves 72 and 74 would be subtracted ftom each 
other, which would result in a differential AMtf curve 76 shown in Fig.5. This curve, which 
can be cafled S-curve, shows s steep sloop around the point Az = 0, i.e. around the best focus 
point Thus, it becomes possible to determine with great accuracy flie position of focus of the 
imagmg system. Each value AM of the difference between the measured M values for the 
10 sub-giatings now represents one position of the focus of the imaging system BoUi the 
amount and the sign of a deviation of the actual focus and the required focus can be 
detomined &st and accurately. 

The sub-gratings, or other test sub-objects may be separate elements. 
Preferably, they are integrated m one component 80 as diown in Fig.6. This component 
15 comprises two transparent, for example glass, plates 82 and 84, which are separated by 
spacers 86 provided with ribs 88 to be sustained by a holder 90. The right side of plate 82 
comprises the first sub-grating 62 and the left side of plate 84 comprises the second sub- 
grating 64. The plates may be coated with a chromium layer and the grating strips may be 
etched in this layer. The member 80 is arranged at such axial position in the measuring 
20 ^aratus Aat the best focus plane 66 is between the two sub-gratings, in the ideal case 
midway these sub-gratings. If a material having suflBcient optical quaKty is chosen for flie 
grating plate and thus tiiis plate can be made sufBcient thick; the sub gratings can be arranged 

at opposite sides of one plate. 

Fig.7 shows a top view of a practical embodiment of tiie test grating stiucture. 

25 Reference numerals 62 and 64 denote the i^per sub grating and the lower sub grating, 

respectively. The gratings stips may skewed at a small angle, for example of the order of 8" 
to prevent formation of a Moir6 pattern, yMch may result ftom interference between the 
grating stiucture and flie pixel structure of the sensor. The spatial frequency of the grating 
stiucture is, for example of the order of 12 lines per mm. Generally, the magnification for 

30 both gratings will be sHghtly different, because the gratings are arranged at different 

distances ftom the imaging system. However, it is preferred that the images of the gratings 
show tiie same spatial ftequency. This can be obtained by using gratings which have slightiy 
different spatial ftequendes so that tiie difference in magnification can be conq[iensated. As a 
reference for the modulation measurement at each side of a grating a coarser grating structure 
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92 having gratings strips 94 at a spatial frequency of, for example 2 lines per mm may be 
arranged In tenns of the graphs of Fig.3, the coarse grating structure provides a modulation 
deplh value 1. 

Focus can be determined at several positions of the field of view of the 
S imaging system being measured. This allows measuring more parameters of the imaging 
system such as tilt and field curvature. Fig. 8 shows an embodiment of a grating stracture 
which is suitable for performing such measurements. This grating structure comprises nine 
sets of each an upper sub- grating 62 and a lower sub-grating 64 and coarser reference grating 
structure at both sides of these sub-gratings. For measuring tilt between the optical axis of the 

10 imaging system and the sensor plane around the Y-axis, for example the sets 101,102, 103 
and 107, 108, 109 can be used The Y-tilt can be determined form the average diEference 
between the focus found for these sets and the distance between these sets. From the average 
difference between ftie focus found for, for exaniple the sets 101, 104, 107 and 103, 106, 109 
and the distance between flxese sets, the tilt around the X-axis can be found 

IS For determining field curvature in the X-diiection, for exansple sets 102, 105 

and 108 may be used. First the tilt along the X-axis is determined as described herein above. 
Then this tilt is set to zero by processing software, which results in a new focus for sets 102, 
105, 108. Finally a curve is fitted through the (new) focus of the sets 102, 105, and 108. In a 
similar way the field curvature in the Y-direction can be determined by means of three sets of 

20 sub-gratings. 

The invention can be used for determining focus of different types of optical 
systenos for the purpose of characterising the optical system or adapt the positional setting in 
an apparatus wherein the optical system has to be included One example of such a ssyst^m is 
the objective lens of a camera. For small and simple cameras, such as used in mobile phones 

25 or other hand-held apparatus the objective lens should image sufBciently sharp also objects 
which are at a large distance firom the camera, in optical terms are in infinity. Such an 
objective lens should have a finite conjugate objective lens with a very large depth of focus. 
For such an objective lens an extra measure is needed to achieve that the test grating which is 
most remote from the camera is out of focus. To that end an additional lens is arranged 

30 between the objective lens and the two test gratings, 

Fig.9 shows an embodiment of the apparatus with such an additional lens. 124. 
In this figure, 1 12 is the illumination system, for example a background illumination system. 
1 14 is the camera and 1 1 6 is the objective lens the focus of which is to be determined 120 
and 122 are sub-gratings arranged at different sides of the best focus plane. For an objective 
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lens having a large depfli of focus the sub-giating 120 is in focus. To bring this sub-grating 
out of focus, as required for the present method, a lens 124 is arranged between the sub- 
giating 1 22 and the objective lens 1 16. By means of this lens the best focus plane 1 1 8 is 
shifted towards ihe objective lens 116 so Aat the sub-grating 120 becomes situated at a 
convenient distance ftom the focal plane. In this way the present method can also be used for 
an imaging system having a large depth of focus. 126 is a sub-beam from one point of flie 
best focus plane and received by the objective lens. 

The present method can be carriedout not only with gratings,. but also with 
other test objects, which have a periodic stracture. 
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CLAIMS: 



1. A method of detennining the focus of an optical system, whidi method 
comprises the steps of. 

arranging tiie optical system between an illumination system and a ladiation- 

sensitive detection sjrstem; 
5 - arranging a test object between the illumination system andtiie optical system; 

imaging the test object by means of the optical system on the detection system, 

and 

establishing Ihe position of the focal plane from the modulation depth of tiie 
test object image, characterized in that the step of arranging a test object comprises arranging 

10 a &st test object between the illumination system and the expected focal plane of the optical 
system and a second test object between this plane and the optical system system, whereby 
the first and second test objects are arranged at dififerent locations wilii respect to the optical 
axis of tiie optical system, and in that the step of establishing focus comprises determining 
the modulation depth of each of the two test object images and subtracting the obtained 

15 modulation depth values from each other to obtain a difference value, which represents the 
position of focus with respect to the positions of the two test objects. 

2. A method as claimed in claim 1, characterized in that focus is determined at 
different points in the field of view of the imaging system. 

20 

3. An apparatus for determining focus of an optical system, which apparatus 
comprises successively a radiation source for supplying an illumination beam, a test object, a 
location for the optical system to be measured, a radiation-sensitive detection system and 
processing means for processing signals fix)m the detection system, characterized in that the 

25 test object comprises two sub-objects, which are arranged at different sides of the ejected 
best focus of the optical system and at different locations with respect to tiie axis of the 
apparatus, in that the radiation-sensitive detection system conqorises separate detection areas 
for the images of the sub-objects and in that the processing means comprises means for 
calculating the difiference in contrast of the images. 
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4. An ^ppaiatus as claimed in claim 3, characterized in fhat the sub-objects are 

gratings. 

5 5. An apparatus as claimed in claim 4, characterized in that the gratings are 

arranged at the front side and the rear side, respectively of a transparent plate. 



10 



6. An apparatus as claimed in claim 3, 4 or 5, characterized in that an additional 

lens system is arranged between the optical system and the sub-object that is most close to 
the optical system. 
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ABSTEtACT: 



The focus of an optical system(20) can be detennined in a leliable and 
accurate way by atranging a first and second test object (62,64) having a periodic structure at 
different sides of the focal plane (66) of ttie optical system and determining flie difference in 
modulation depth of the images formed on different areas (32,34) of a radiation-sensitive 
detection system (30). 

Fig.3 
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